time course of beta activity showed more evident DBS-induced changes in the chronic than in the hyperacute phase (p = 0.014). DBS-induced changes in STN beta LFPs in patients undergoing DBS in chronic phase provide useful information for developing a new neurosignal-controlled adaptive DBS system.
Introduction
Neuronal activity around the macroelectrodes implanted in the human subthalamic nucleus (STN) for deep brain stimulation (DBS) produces oscillations known as local field potentials (LFPs) [1] [2] [3] . These signals provided physiological information about STN responses to various stimuli [4] [5] [6] [7] [8] [9] .
Over recent years, studies describing STN LFP signals recorded during DBS have done much to explain the mechanisms underlying DBS in patients with Parkinson's disease (PD) [10] [11] [12] [13] [14] [15] [16] . Studies investigating DBS-induced changes in STN LFPs focused on rhythms oscillating from the low-frequency band (1) (2) (3) (4) (5) (6) (7) to the beta band . In particular, low-frequency STN oscillations increased during ongoing STN DBS [16] confirming previous observations that power in the 1-1.5 Hz band increased and slowly decayed to baseline levels after DBS was turned off [15] .
Nevertheless, DBS-induced changes in STN beta oscillations remain controversial. Some investigators reported that after short-term and long-term STN DBS, beta oscillations decreased both in the STN itself and in the globus pallidus internus (GPi) [13, [17] [18] [19] [20] . Conversely, our recordings soon after STN DBS [11] and during STN DBS [16, 21] failed to confirm the beta activity decrease. More recently, two studies reported that the beta oscillations significantly decreased during DBS, but did so only in parkinsonian patients whose LFP recordings already showed high-beta activity at baseline [10, 12] . These studies documented changes in STN beta LFPs in PD patients only during the first week after DBS macroelectrode implantation.
A subsequent study then investigated the time-dependent STN LFP changes after DBS surgery in PD, and provided new evidence showing that DBS macroelectrode impedance and STN LFP patterns are a function of the time elapsing between macroelectrode implantation and LFP recording [22] . The time course of macroelectrode impedance is related to changes in the electrode/tissue interface and in the STN LFP low-frequency activity. Conversely, macroelectrode impedance is unrelated to beta activity, hence beta power recorded 30 days after surgery for macroelectrode positioning (chronic condition) is similar to power recorded 2-7 days thereafter [22] .
None investigated how DBS changes the STN LFP beta activity in the longer term. Having this information would be useful for developing new adaptive DBS systems based on STN-LFP signal feedback designed to adapt DBS parameters to individual patient's clinical state.
In this paper, to clarify how DBS acts in the long term, we investigated changes induced by DBS in STN beta LFP in patients with PD 30 days after macroelectrode implantation. To do so, we recorded STN LFPs in 7 patients with PD during ongoing DBS immediately (hyperacute phase) and 30 days (chronic phase) after surgery.
Patients and Methods

Patients
Seven patients (6 men) with idiopathic PD and fulfilling the specific inclusion criteria for DBS treatment were studied after their informed consent and local institutional review board approval [23] . The study conformed with the Declaration of Helsinki. All the patients, except one, were bilaterally implanted in the STN with DBS macroelectrodes at the Functional Neurosurgery Unit of the Institute Galeazzi IRCCS in Milan, Italy. The other patient was studied during unilateral re-implantation of DBS macroelectrodes in the STN (patient 5 in table 1 ). Clinical details, including pre-surgery assessment of the Unified Parkinson's Disease Rating Scale III (UPDRS III, motor part), are reported in table 1 .
Surgical Procedures
Surgical procedures are reported elsewhere [22] . In brief, the procedure for DBS consisted of a first surgery for macroelectrode placement in the STN followed by a second surgery to implant the subcutaneous pulse generator [24] .
Between the two operations, macroelectrodes were not connected to the stimulator and were accessible for neurophysiological recordings. In our protocol, LFPs were first recorded from implanted macroelectrodes immediately at the end of the first surgery, when the patient was still in the operating room (hyperacute phase). Then, to enable LFP recordings during DBS in the longer term we postponed the pulse generator implant, 30 days after macroelectrodes positioning [22] . After the first operation, the implanted macroelectrodes were left under the skin so that the patient could be safely discharged. The stimulator was not implanted and the patient did not receive DBS during this time. About 30 days later, patients were again hospitalized and under- went surgery to implant the subcutaneous pulse generator. Before the operation, the macroelectrodes were externalized to allow LFP recordings during DBS 30 days after the first surgery (chronic phase). The implanted 3389 Medtronic macroelectrode had four cylindrical contacts (diameter 1.27 mm, length 1.5 mm, placed 2 mm apart center-to-center) denominated 0-1-2-3, beginning from the more caudal contact. The STN was targeted by visualization through a CT-MRI fusion-based technique before surgery [25] . The site of macroelectrode implantation was adjusted during surgery with micro-recordings and by clinically assessing changes induced by stimulation through the microelectrodes and through the implanted macroelectrodes. For all nuclei studied, postoperative MRI was obtained to assess the accuracy of final position of DBS macroelectrodes and to verify the placement of contact 0 within the STN [24] ( table 2 ) .
Experimental Protocol and LFP Recordings
LFP activity was recorded in two experimental sessions: hyperacute phase (t-0h) and chronic phase (t-30d) ( fig. 1 ). All patients were studied at least 8 h after withdrawal from antiparkinsonian medication (off levodopa).
Each experimental session lasted approximately 30 min and took place in the operating room with the following steps: (1) evaluation of the impedance of each macroelectrodes' contact pair; (2) stimulation threshold: clinical assessment of optimal stimulation intensity followed by a pause for rest; (3) baseline: LFP recording at rest for about 2 min; (4) DBS on: LFP recording during highfrequency stimulation for about 6 min, and (5) DBS off: LFP recording after high-frequency stimulation for about 2 min.
Recording contact pairs and stimulation intensity were selected during the first recording session (hyperacute phase) and used also to record LFPs in the second session (chronic phase). Of the 7 participants, 6 underwent the recording procedures for the implanted macroelectrodes on both sides (right side first) and 1 patient for the re-implanted macroelectrode side (right side).
Macroelectrode impedance was evaluated through an impedance meter at 30 Hz (Model EZM 4; Grass, USA). Impedance was evaluated on all contact pairs (0-1, 0-2, 0-3, 1-2, 1-3 and 2-3). The contact pair (0-2 or 1-3) showing the highest impedance value was selected for the bipolar recording, leaving the central contact (1 or 2) free for delivering DBS. LFPs were recorded through the FilterDBS system for artifact-free recording [21] . Two standard skin Ag/AgCl electrodes (RedDot; 3M, USA) placed on the left and on the right supraclavicular area were used as recording and stimulation references respectively [16] . For electrical stimulation we used a constant voltage stimulator (Dual Screen; Medtronic, Minneapolis, Minn., USA) and DBS was delivered with a pulse width of 60 s and frequency of 130 Hz at a previously tested optimal stimulation intensity. Optimal stimulation intensity was set according to the stimulation threshold represented by the highest stimulation intensity that induced therapeutic effects without side effects. The threshold for each nucleus was established by a neurologist during the first recording session.
The recorded signals were amplified (50,000 ! ) and filtered (0.5-45 Hz) through the FilterDBS, then digitized through the 
Data Analysis
Data were analyzed off-line with Matlab software (version 7.10; The MathWorks, Natick, Mass., USA). Signals were preliminarily band-passed (2-45 Hz) with a Finite Impulse Response filter and resampled at 125 Hz. Signals containing noise were discarded after visual inspection.
The oscillatory activity recorded from the STN was quantified in the frequency domain by analyzing power spectral density (PSD) for the recorded LFPs in the two phases (hyperacute and chronic), using a non-parametric approach based on the discrete Fourier transform (DFT). More specifically, spectra were calculated using Welch's averaged, modified periodogram [26] . A Hanning window W(j) was applied to divide the signal, containing n samples, into K segments and for each segment the modified periodogram I k was calculated from the DFT coefficients A k (n) . Each segment was 128 samples in length (L = 128), to obtain a frequency resolution of 0.98 Hz.
The PSD of each signal was obtained by averaging the periodogram I k calculated in each segment.
To test whether DBS influenced LFP activity at both t-0h and t-30d, we considered three states of interest: baseline (1 min pre-DBS), DBS on (1 min after DBS was turned on), and DBS off (1 min after DBS was turned off).
To account for the high inter-nuclei variability, PSD in each nucleus was normalized by the total spectral power in the 2-45 Hz frequency range during the baseline condition in hyperacute phase according to the following formula:
where PSD N is the normalized PSD, and f is the frequency. LFP analysis focused on the beta frequency band detected in each phase for each nucleus as follows. Beta band was analyzed estimating the spectral power, calculated as:
where B is the beta band (see Identifying the Beta Band) and SP B is the spectral power. In addition, to detect the time course of beta modulation throughout the whole experimental session, and to compare it with baseline, data were analyzed with a time-frequency approach (short-time Fourier transform, STFT). In each LFP recording, a time-moving Hanning window, 2.05 s long, was applied to the signal: the window was moved forward 1.02 s obtaining a recording segment 2.05 s long every 1.02 s advance and each segment overlapped the previous segment by 1.02 s. The resulting time-frequency spectrum was calculated in each 2.05 s segment, with a final time resolution of 1.02 s and a frequency resolution of 0.49 Hz.
Beta time course was determined from the time-frequency spectrum by calculating the integral in time of the specific beta band for each nucleus. Beta time course was studied as percentage power changes from baseline recording that was calculated as mean value of power during the 2 min before turning the DBS on. To analyze the beta time course (excluding the baseline) during the conditions DBS on and DBS off, we subdivided the time recording in consecutive segments 30 s long starting from 0, yielding 12 segments in the DBS on condition (from ON1 to ON12) and 4 segments in the DBS off condition (from OFF1 to OFF4). We also compared mean value for segments in the hyperacute and chronic phases.
Identifying the Beta Band
Each nucleus was characterized to detect the beta range and its corresponding peak. To do so, the mean and standard deviation (SD) of PSD in the 8-45 Hz band in each nucleus were considered to obtain the threshold for significant spectral bands in the hyperacute and chronic phases (95% confidence interval (CI): mean 8 1.97 SD). The beta activity was considered significant if PSD values in the 8-30 Hz range exceeded the threshold. If the beta activity was significant, we defined the maximum PSD value within the 8-30 Hz range as the beta peak. We then considered the frequency band ranging 8 4 Hz around the beta peak for subsequent analyses. If beta activity was not significant we considered a standard beta frequency range. The individual beta band was classified as low-beta band if the beta peak found belonged to the 8-20 Hz band and as high-beta band if the peak found belonged to the 21-30 Hz band. To account for the inter-nuclei variability, the spectral power in the beta band was normalized by the length of the beta band in the corresponding phase.
Statistical Analysis
To evaluate the effect of time on macroelectrode impedance, a two-tailed paired Student t test was used to compare all values for the contact pairs of macroelecrode used for recording in hyperacute and chronic phases. To assess the dependency of beta on the impedance, Pearson's linear correlation coefficient (GraphPad Prism 3.0) was calculated (p ! 0.05) between impedance values in both phases and individual beta powers. Two-tailed paired Student's t test was also used to evaluate the effect of time on central frequency of the beta peak: values were compared in the hyperacute and chronic phases.
To evaluate the correlation between nuclei with significant beta band activity and the contact pairs used for recording, we performed a Pearson's 2 test. A one-way repeated measures analysis of variance (ANOVA) (STATISTICA 5.5; StatSoft Inc.) was used to test differences between each target coordinate of macroelectrodes (X, Y, Z) ( table 2 ) in nuclei with and without significant beta band activity with factor 'beta band' (2 levels: presence, absence). To study the effect of DBS on LFP activity, data were analyzed for the whole population and considering only the nuclei with significant beta band activity. A two-way ANOVA for beta spectral power was run with factors 'stimulation state' (within factor, 3 levels: baseline, DBS on, DBS off) and 'recording phase' (within factor, 2 levels: hyperacute and chronic). Tukey honest significant test was used for post hoc analysis; differences were considered significant at p ! 0.05.
To analyze the statistical significance of data for nuclei with a significant beta band and to evaluate the effect of stimulation over time, we tested the percentage power changes in beta power through change point analysis with a percentage time resolution of 3.3% [27] . Change was significant at a 95% confidence level (p ! 0.05). The time course of beta activity in the hyperacute and chronic phases was compared in DBS on and DBS off conditions. To study the DBS on condition a two-way ANOVA with factor 'time' (within factor, DBS on: 12 levels from ON1 to ON12) and factor 'recording phase' (within factor, 2 levels: hyperacute and chronic) was used. To study the DBS off condition we used a twoway ANOVA with factor 'time' (within factor, DBS off: 4 levels from OFF1 to OFF4) and factor 'recording phase' (within factor, 2 levels: hyperacute and chronic). Tukey honest significant test was used for post hoc analysis; differences were considered significant at p ! 0.05.
Results
Confirming previous results [22] , in all 7 patients macroelectrode impedance changed significantly over time (mean 8 SD; t-0h vs. Fig. 2 . Spectral analysis. a Hyperacute (t-0h) and chronic (t-30d) phases for whole population: grand average for whole population (n = 10 nuclei) of the power spectral density (PSD) of beta band in the three experimental conditions: pre-stimulation (baseline; --------), during stimulation (DBS on; ------) and after stimulation (DBS off; -·-·-·-·-) in the t-0h phase on the left and in the t-30d phase on the right. Each PSD was normalized by the total spectral power in the 2-45 Hz frequency range of hyperacute baseline. Beta band PSD was aligned on beta peak of each nucleus (0 Hz); if peak was not found, PSD was aligned on central value of standard low-beta band (9-21 Hz). On the y-axis the normalized PSD (arbitrary units (AU), logarithmic scale) and on the x-axis the frequency (Hz, linear scale). b t-0h and t-30d phases for nuclei with significant beta band: grand average for nuclei with significant beta band (n = 6 nuclei) of PSD of beta band in the three experimental conditions: pre-stimulation (baseline; --------), during stimulation (DBS on; ------) and after stimulation (DBS off; -·-·-·-·-) in the t-0h and in the t-30d phases. The plot is organized as in a . The histogram represents beta power for nuclei with significant beta band in the t-0h and the t-30d phases grouped together for each condition (black = baseline; gray = DBS on; light gray = DBS off). Error bars represent the standard deviation (SD). On the y-axis the normalized power of beta band (AU) and on the x-axis the three conditions. * p ! 0.05, post hoc two-way repeated measures analysis of variance (ANOVA). Note that beta band power decreases in on DBS condition both in hyperacute and chronic phases for nuclei with significant beta band. macroelectrode impedances and power showed that beta power was independent from impedance values [22] . Of the 13 STN nuclei studied, 7 had a significant beta activity at baseline (54% of sample) that was characterized by a beta peak belonging to the low-beta range (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) Hz; table 3 ).
Recordings from each nucleus during the t-0h and t30d phases showed no significant beta peak frequency differences in time (t-0h vs. t-30d: 12.37 8 2.61 vs. 13.00 8 2.20 Hz) ( table 3 ).
Pearson's 2 test revealed that a significant correlation between nuclei with significant beta band activity and contact pairs used for recording existed: in particular, LFPs of nuclei that showed a significant beta band were recorded from contact pairs 13 ( 2 = 9.47, p = 0.023). Target coordinates of electrodes in nuclei with significant beta band activity did not differ from coordinates of electrodes in nuclei without significant beta band activity.
Owing to artifacts due to electrical devices of the operating room, we excluded three nuclei from the analysis ( table 3 ) . The subsequent analysis was conducted on a total of 10 nuclei, of which 6 showed a significant beta peak. Data for the whole population (n = 10 nuclei) failed to find significant changes in beta spectral power during DBS at t-0h and t-30d ( fig. 2 a) . Conversely, power spectra for nuclei with significant beta band activity (n = 6 nuclei) showed significant changes in beta activity during DBS in both recording phases ( fig. 2 b) . Two-way repeated measures ANOVA disclosed a significant effect of the factor 'stimulation state' (p = 0.016), whereas no effects either of the factor 'recording phase' or of the interaction between the two factors was found. Post hoc analysis for the factor 'stimulation state' showed that beta band power significantly decreased during stimulation (p = 0.021) and significantly increased when DBS was turned off (p = 0.037) returning to baseline value ( fig. 2 b) . In the analysis focusing on nuclei with a significant beta band at baseline, averaged data in the t-0h and t-30d phases showed significant beta desynchronization when DBS was turned on. In t-0h, change-point analysis detected a significant beta band decrease (from -7.96 to -20.16% from baseline, confidence level = 100%) after 2.44 min while DBS was turned on. When DBS was turned off, beta band power immediately increased (from -20.16 to 3.09% from baseline, confidence level = 100%) ( fig. 4 a) . Similarly, in t-30d, when DBS was turned on, beta power immediately decreased (from 18.06 to -29.32% from baseline, confidence level = 100%) and when DBS was turned off increased (from -29.32 to 3.88% from baseline, confidence level = 99%) ( fig. 4 b) .
The time course of beta activity during DBS on condition differed significantly between t-0h and t-30d (ANO-VA, interaction 'time' ! 'recording phase' p = 0.014). Post hoc analysis showed more significant beta activity changes from baseline in the t-30d phase than in the t-0h phase in the first segment: ON1 (t-0h vs. t-30d: -7.59 8 3.36 vs. -42.53 8 9.08%, p = 0.0003). Conversely, ANOVA failed to find changes in DBS off condition beta activity between the hyperacute and chronic phases ( fig. 4 c) .
Discussion
Our results showed a stationary intra-nuclear STN beta band LFP activity in recordings obtained immediately after DBS surgery (hyperacute phase) and 30 days Time course of beta activity. Beta power modulation during experimental session in hyperacute (t-0h) and chronic phases (t30d). a Grand average (n = 6 nuclei) of the beta activity expressed as percentage power change from the baseline in the t-0h phase.
On the y-axis are represented beta power (%) and on x-axis the time (min). Gray area represents a significant beta power change (p ! 0.05). b Grand average (n = 6 nuclei) of the beta activity expressed as percentage power change from the baseline in the t-30d phase. The plot is organized as in a . c Grand average (n = 6 nuclei) of the beta activity expressed as percentage power change from the baseline in the t-0h phase (black) and t-30d phase (dark gray). The gray vertical lines, from the left, correspond to the 12 segments of DBS on condition (ON1 to ON12) and the 4 segments of DBS off condition (OFF1 to OFF4) respectively. The plot is organized as in a . The gray area represents the significant difference between hyperacute and chronic beta activity (p ! 0.05). Note that both averaged data in hyperacute and chronic phases showed significant beta desynchronization when DBS was turned on and beta change was significantly higher in chronic than in the hyperacute phase in the first segment.
after surgery (chronic phase) confirming that beta power peaks maintain at long-term recording. Although only in nuclei showing a prominent beta activity at baseline (54% of sample), STN DBS markedly reduced beta LFP oscillations during both hyperacute and chronic phases, it induced the greatest reduction during chronic phase. The new evidence we provided describing STN DBS induced changes in STN beta LFPs during DBS in chronic phase offers essential information needed to develop a new adaptive DBS system. Because LFP beta oscillations varied widely among the studied STN nuclei, beta activity exceeded threshold values in only in 7 of the 13 STN nuclei studied (54%). This finding agrees with previous data reporting similar beta variability within the population studied (67 and 68%) [10, 12] . The slight difference in our population was likely due to a gender effect (6 men and 1 woman) given that beta band power is lower in males.
The beta activity observed was then characterized defining the highest peak within the band, in order to identify a possible marker of DBS action. We observed that, if the beta activity was significant, the highest oscillation was in the low-beta band and was then disrupted by DBS. In our sample, the significant beta activity was never characterized by a high-beta peak. This finding is in line with previous studies suggesting that, in the off medication state, the high-beta peak was shown to be lower than and non-linearly dependent on the low-beta peak [28] . Hence, because levodopa and DBS specifically act on the low-beta activity, our results support the hypothesis that the low-beta rhythm can be considered as a marker of pathology whereas the high-beta rhythm can be essentially a physiological rhythm [3, 5, 28] .
Nuclei characterization therefore showed stationary intra-nuclear beta activity from the hyperacute to the chronic recording phase (7 nuclei had a significant beta peak at baseline under both experimental phases and 6 nuclei did not have a beta peak in both phases). This marked stationarity in intra-nuclear beta band activity suggests that, at least in a fraction of nuclei, a specific rhythm exists and may be a parkinsonian patient's 'signature'. Various studies have shown abnormal synchronized oscillatory activity in the STN and internal segment of the globus pallidus (GPi) of MPTP-lesioned non-human primates and patients with PD, showing that it is further related to symptoms of illness and is an important feature of PD [1, 2, 8, 19, [29] [30] [31] [32] [33] [34] [35] [36] , including the abnormal beta activity [10, [37] [38] [39] [40] .
Given that we found no correlation between beta power and recording macroelectrode impedance, we confirmed previous evidence [22] that macroelectrode impedance changes occurring between the two recording phases have no effect on beta band power stationarity. An interesting finding that confirms current knowledge on beta activity was that LFP from nuclei having a significant beta peak were all recorded bilaterally from the uppermost contacts (1) (2) (3) . This finding fits in with previous observations that beta activity in the LFP tends to be greater in the dorsolateral than in ventromedial STN [41, 42] . Considering the STN target for PD, the dorsolateral portion could be the most effective area of STN that seems to be involved in sensorimotor circuits [43] [44] [45] . The most effective electrode contact lies in the upper part of the STN intraoperative recording area (near the dorsal border) confirming that this region has a key role in the clinical effectiveness of the STN DBS [44, 46, 47] . A recent study showed a correlation between the depth where the beta activity recorded intraoperatively was highest (local beta generator) and the depth of the contact independently chosen for chronic DBS [48] . Hence, if we think that a local beta generator exists, then nuclei having low-beta activity could be far from the beta generator, whereas nuclei with a significant beta peak could be close to the beta generator. Notwithstanding this possibility, some investigators noted that although the electrode position failed to limit the beneficial effect of chronic DBS, adjusting the stimulation intensity yielded benefits in all patients [49] . In particular, if the depth of contact for chronic DBS is far from depth of beta generator, more voltage has to be delivered [48] . Since we used the same recording contacts in the hyperacute and chronic phases, the recording coordinates remained constant, thus supporting the stationary beta activity.
The previous considerations are valid for the nuclei in which beta activity is evident. There is a percentage of nuclei in which this activity is not evident independently from the position of the macroelectrodes [10] . Since the clinical effects of DBS in patients with a marked beta activity is not different from the one observed in subjects that do not have this characteristic, only in some patients beta activity can be considered one of the reliable marker of PD. Other bands may represent a possible marker in other patients. Previous literature showed low-frequency LFP modulations after drug administration [3, 28] and during STN stimulation [16] . The authors found that these changes were correlated with the parkinsonian patients' clinical features.
Our study leaves open the question how STN DBS acts on the various STN nuclei in patients with PD. When we turned DBS on, STN LFP beta oscillations decreased only in those nuclei with higher beta activity at baseline and when we turned DBS off, the DBS-induced beta band suppression disappeared and the activity patterns recorded at baseline returned [5, 10] . In a previous study conducted in our laboratory, considering the whole population, we failed to show significant LFP beta power suppression during DBS [16] , presumably because not all recordings had abnormal peaks in the beta band before DBS and because some patients were on dopaminergic medication, a condition known to decrease beta activity. More recent studies reported that the beta oscillations decreased significantly during DBS but did so only in patients whose LFP recordings already showed high-beta activity at baseline [10, 12] .
A distinctive point in this study is that whereas previous studies investigated the neurophysiologic effects of STN DBS within days after macroelectrode implantation, we studied them also in patients with PD undergoing DBS 30 days later. We found that in nuclei with high-beta activity at baseline, DBS reduced beta activity immediately after surgery and 30 days later. This finding suggests that the results of LFP recordings obtained in the hyperacute phase could be extended to the chronic phase although DBS markedly reduced STN beta LFPs in the chronic phase. Trauma from macroelectrode penetration causes a micro-subthalamotomic effect that transiently mimics the levodopa-induced effect [3] and is accompanied by a transient hyperacute improvement in parkinsonian motor symptoms [50] . In agreement with this hypothesis that takes into account possible changes in the STN networks due to plasticity mechanisms after macroelectrode implantation, the greater beta reduction we observed in the chronic phase could reflect the re-established pathological pattern.
Our finding that the DBS-induced local beta activity suppression, when present, remained stable in time, raises the possibility that the reduced beta activity underlies some of the therapeutic actions of DBS [10, 12, 40] . Some studies suggest that STN DBS could produce its clinical benefits by disrupting pathological oscillations at beta or lower frequencies also in the GPi [18, 51] as well as in the substantia nigra pars reticulata (SNr) [52, 53] . Besides, since striatal dopamine release during high-frequency stimulation has been observed [54, 55] , we could hypothesize that disrupting pathological oscillation effect could mimic the disruption of beta pathological oscillation induced by levodopa as seen in previous studies [3, 12, 28] . Moreover, STN DBS could produce its clinical effects by artificially mimicking the pacing action of the 300-Hz subthalamic rhythm which is lost in PD [56, 57] . In neurophysiological study, STN DBS activated not only the STN and its direct efferents but also the thalamus, the basal ganglia, the somatosensory cortex, the motor cortex, and the supplementary motor area as disclosed also by functional imaging [58, 59] . DBS generates efferent output transmitted to non-stimulated nuclei, supporting the hypothesis that STN-DBS acts in the entire cortexbasal ganglia-cortex network [13, 18, [60] [61] [62] .
Our study describing neurosignals also provides the essential information we need for developing a new adaptive DBS system [14, 16, 21, 22] . Because STN LFPs can be directly recorded from the implanted macroelectrodes also 30 days after surgery, STN oscillatory activity could be used in a novel closed-loop DBS system able to change stimulation variables automatically adapting them to the patient's clinical state [12, 14] . The idea of controlling DBS online through LFPs implies the identification of robust variables able to describe patient's pathophysiological state and the DBS-induced changes in the STN LFP activity. Our study provides direct evidence that in selected patients with PD, STN beta activity could be a robust variable due to its stability and its DBS induced reduction in the hyperacute and chronic phases to reflect the patient's clinical status. What remains unclear is the possible correlation between beta band activity in patients undergoing DBS in chronic phase and the specific motor symptoms of PD. Since only a portion of our population showed a significant beta activity, we believe that other frequency bands, such as low-frequency band, could be used as variables of PD to adapt the stimulation parameters.
